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ABSTRACT 
High quality observations of mesoscopic gas bubbles in liquid metal are vital for a further 
development of pyrometallurgical gas injection reactors. The opacity of metals however 
enforces the use of indirect imaging techniques with limited temporal or spatial resolution. In 
addition, accurate interface tracking requires tomography which further complicates the 
design of a high temperature experimental setup. In this paper an alternative approach is 
suggested that circumvents these two main restrictions. By injecting gas in a thin layer of 
liquid metal entrapped between two flat and closely spaced plates, bubbles in a Hele-Shaw 
flow regime are generated. The resulting quasi-2D multiphase flow phenomena can be fully 
captured from a single point of view and, when using a non-wetted transparent plate 
material, the bubbles can be observed directly. The feasibility of this approach is 
demonstrated by observations on buoyancy driven nitrogen bubbles in liquid mercury in a 
vertical Hele-Shaw cell. By using a moving high speed camera to make continuous close up 
recordings of individual bubbles, the position and geometry of these bubbles are quantified 
with a high resolution along their entire path. After a thorough evaluation of the experimental 
accuracy, this information is used for a detailed analysis of the bubble expansion along the 
path. While the observed bubble growth is mainly caused by the hydrostatic pressure 
gradient, a careful assessment of the volume variations for smaller bubbles shows that an 
accurate bubble description should account for significant dynamic pressure variations that 
seem to be largely regime dependent. 
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1 INTRODUCTION 
Many industrial pyrometallurgical processes rely on bubble column reactors in which gas 
bubbles are blown directly into a metal melt through tuyeres or immersed lances (Engh et al. 
1992). The result is intensive mixing and a large contact area between the gas phase and 
the liquid metal, despite the relatively compact reactor design. For this reason it is expected 
that the on-going trend towards process intensification will go hand in hand with an increased 
use of gas injection reactors in pyrometallurgy (Grechko 2000). Yet, this requires significant 
research efforts to ensure that the understanding of the governing mechanisms grows 
simultaneously. Such research has to adopt a multiscale approach because the relevant 
phenomena occur on time and length scales spanning up to six orders of magnitude (Bauer 
and Eigenberger 2001). On the largest scale flow patterns, average phase distributions and 
mass balances of reactors are described, while on the smallest scales physicochemical 
reactions are studied. Often the highly complex interactions between these macroscopic and 
microscopic phenomena determine the process characteristics to a large extent. 
Nevertheless, a limited understanding of these mesoscopic interactions is probably the most 
important bottleneck when designing and optimizing reactors. This can be solved by 
investigating individual gas bubbles, whose properties are directly affected by these 
interactions. 
A possible way to study gas bubbles is through simulation. Numerous examples of mainly 
CFD based simulations of bubble column reactors exist. Good overviews are provided by 
Iguchi and Ilegbusi (2011) for macroscopic models of metallurgical applications and by 
Jakobsen et al. (2005) for mesoscopic bubbles in general. Yet most of these simulations rely 
indirectly on experimental results incorporated through closure laws that account for small 
scale effects which are not directly resolved by the simulation. This means that detailed 
experimental observations are indispensable for the development and validation of 
mesoscopic bubble models. Hence, experimental efforts should not be abandoned 
(Jakobsen et al. 2005).  
Experimental observations of gas bubbles in liquid metal are hindered by the opaqueness of 
the bulk liquid, preventing a direct visualization of bubbles. A second difficulty is the high 
melting point of most metals; the fact that observations often need to be made at elevated 
temperatures complicates the design of an experimental setup. So while a wide range of 
techniques exists to observe bubbly flow in low melting transparent media like aqueous or oil 
based solutions (Boyer et al. 2002), possibilities in liquid metals are limited. When 
investigating macroscopic flow properties in reactors, these limitations are often 
circumvented by extrapolating observations in water models to liquid metal conditions 
(Mazumdar and Evans 2004). Yet, while macroscopic predictions can be compared against 
observations in real metal melts by comparing process parameters like bubbling frequency, 
splash height and plume eye dimensions, it is much less clear how possible mesoscopic 
observations can be verified when their effect is not known a priori. The question of validation 
is especially important when dealing with reactive systems, as mass transfer can profoundly 
affect the bubble regime (Taylor et al. 1996). Hence, to study reactive gas injection in liquid 
metals with physical models, translucent systems with comparable hydrodynamic and 
thermokinetic properties are required. Unfortunately these are rarely available.  
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To summarize, the authors are convinced that research on gas injection in pyrometallurgy 
should primarily focus on the behavior of individual bubbles at a mesoscopic scale. While 
simulation techniques can definitely support such research, currently experimental 
observations are indispensable to make significant progress in this field. Moreover, 
considering the large difference in physicochemical properties between water and metals, 
such observations should be carried out in actual metallic melts.  
1.1 AVAILABLE TECHNIQUES 
A first way to observe bubbles in liquid metals is by using invasive probes that detect locally 
whether gas or liquid is present. Various designs exist, including electrical resistivity probes 
(Oryall and Brimacombe 1976), electrical capacitance probes (Fu and Evans 1999) and 
acoustic probes (Schneider and Evans 2006). An inherent disadvantage of this technique is 
however the disturbance of the flow due to the interaction with the sensors. In addition, the 
spatial resolution of the observations is limited even when arrays of probes are used (Iguchi 
et al. 1997). So while the results can be used to estimate bubble distributions and overall 
bubble shapes, an accurate reconstruction of the bubble interface, required for studying 
mesoscopic interactions, is not possible.  
Alternatively, tomographic techniques can be used to map phase distributions through 
differences in physical properties measured by non-invasive sensors. Based on the 
interaction between the fluids and the interrogating signals, a distinction between soft field 
and hard field tomography is made (Marashdeh et al. 2008). In the first case, the shape of 
the field lines of the interrogating signals is affected by the physical property distribution. For 
metals the authors found examples on the use of acoustic (Schwerdtfeger 1968; Munshi et 
al. 1998; Zhang et al. 2007), electrical (Wang et al. 2010) or magnetic signals (Terzija et al. 
2011). Yet the results are limited to average flow descriptions in tubular geometries, as the 
spatial resolution is insufficient to provide details on instant bubble shapes. This is a common 
limitation of soft field tomographic techniques, for which the reconstruction of fluid properties 
is inherently more complex and less sensitive compared to hard field tomography based on 
radiographic imaging. Therefore, the use of the latter seems to be more appropriate. In the 
past, bubbles in metals were visualized using X-rays (Heindel 2011; Baker and Bonazza 
1998; Iguchi et al. 1995), neutron beams (Saito et al. 2005; Saito et al. 2009) and -rays 
(Thiyagarajan et al. 1995). Because the field lines of these signals are not bent, spatial 
property mapping is significantly more accurate. A drawback is however the limited 
penetration depth in metallic systems, restricting the use of this technique to geometries with 
limited cross section. In addition, the use of high intensity sources requires a complete and 
secure shielding of the setup. Especially in combination with heating systems and thermal 
insulation, this limits the possibilities of making simultaneous observations from multiple 
angles required for tomographic reconstruction. So despite that hard field tomography is the 
most promising technique to study mesoscopic bubbles with high resolution, currently only 
2D radiography has been applied onto liquid metal systems, averaging out the third 
dimension.  
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1.2 A QUASI-2D APPROACH 
Instead of trying to overcome the experimental limitations inherent to the application of 2D 
imaging techniques for mapping 3D flow patterns, in this paper the possibility of studying 
bubbles in liquid metal flows under quasi-2D circumstances is explored. By entrapping a thin 
sheet of liquid metal between two flat parallel plates, a Hele-Shaw flow regime is 
approached: Stokes flow between two parallel plates at infinitesimal distance. After injection 
of bubbles in such a so-called Hele-Shaw cell, flow phenomena develop as in figure 1. While 
Hele-Shaw flows in theory develop only in two dimensions, in practice the non-zero cell 
thickness will result in a non-uniform flow profile over the cell gap, perpendicular to the plane 
of the cell. This profile however, can be calculated to be parabolic when laminar flow and 
non-slip boundary conditions on the walls are assumed (Vasil'ev 2009). For most flows in 
cells with limited thickness these assumptions are valid because drag forces exerted by the 
sidewalls slow down the fluid, suppress turbulence and stabilize laminar flow patterns 
(Beavers et al. 1970). Consequently, the fluid velocity at any point in the cell can be 
calculated from a description of the average flow patterns in the plane of the cell. Therefore 
flows in Hele-Shaw cells can be treated as being quasi-2D: despite their three dimensional 
character, they can be fully captured by two dimensional observations from a single point 
outside the plane, avoiding the need to apply a tomographic reconstruction.  
 
Fig. 1 Illustration of a Hele-Shaw cell containing liquid and a gas bubble. When the volume of the bubble in a Hele-
Shaw cell is sufficiently large, it is squeezed between the sidewall and adopts a disc shape. (a), (b) and (c) show this in 
isometric, front and side view. (d) shows a close up of the parabolic flow profile over the gap between the walls, 
together with the average velocity. 
Despite the additional boundary conditions imposed by the sidewalls, most phenomena that 
govern bubbly flows in bulk liquids are also relevant for flows in Hele-Shaw cells. Hence, the 
same mesoscopic interactions can be studied. Examples could be the effect of mass transfer 
on bubble hydrodynamics, the distribution of reaction products over the phases, the 
temperature distribution in the fluids, the influence of surfactants, the effect of fluid properties 
etc. Such specific knowledge can be used to validate simulations for Hele-Shaw conditions 
directly, or translated into closure laws for modeling other geometries. Clearly this would 
often require the application of these closure laws outside their validated range, as the 
relative importance of different phenomena under Hele-Shaw conditions can be different 
compared to other geometries. It is for example clear that the volume to surface ratio of 
bubbles under Hele-Shaw conditions can differ significantly from that of bubbles in the bulk of 
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a liquid. Because a validation of such extrapolations can only come from three dimensional 
experiments, a quasi-2D approach will never be able to replace 3D observations completely. 
Nevertheless the authors believe that its simplicity could make it well-suited for an initial and 
fast exploration of the mesoscopic behavior of bubbles in liquid metals. Yet first it should be 
verified that detailed and relevant observations on bubbles in metals in a Hele-Shaw cell are 
feasible. Hence, the main goal of this work is to explore the possibilities and limitations of the 
suggested approach.  
The remainder of this paper is organized as follows. First, to conclude this introduction, an 
overview of earlier work on bubbly flows in Hele-Shaw cells is presented. Next, in section 2, 
the experimental setup is introduced. In section 3 a set of observations is presented and 
discussed with a focus on the evolution of the bubble size. It is the starting point for an 
evaluation of the accuracy of the experimental approach in section 4.1. Afterwards, in 4.2, an 
explanation for observed irregularities in the bubble growth is suggested.  
Properties of bubbles in various gas-liquid combinations have already been studied under 
Hele-Shaw conditions. Older publications describe experiments in cells that are positioned 
horizontally or tilted to a limited inclination with the horizontal. Results are reported for air 
bubbles in water (Johann and Siekmann 1978), oil (Maxworthy 1986; Park et al. 1994) and 
aqueous alcohol solutions with variable viscosity (Eck and Siekmann 1978; Kopf-Sill and 
Homsy 1988). These low Reynolds number flows are well-suited to simulate microgravity 
conditions and to validate analytical flow descriptions. For pyrometallurgical applications 
however, vertically rising, buoyancy driven bubbles are more relevant. Such scenarios were 
only studied more recently by Kelley and Wu (1997), Bush (1997), Bush and Eames (1998),  
Roig et al. (2012), Huisman et al. (2012) and Bouche et al. (2012) for air bubbles rising in 
water, and by Kawaguchi et al. (2006), Kozuka et al. (2009) and Yamamoto and Kawaguchi 
(2011) who also considered aqueous polymer solutions. Finally the work of He et al. (2011) 
on bubbles rising in aqueous suspensions of magnetic particles can also be mentioned. In all 
cases, bubbles are observed directly through transparent cell walls, so no radiography is 
applied. This means that all investigated liquids had to be optically transparent. The reason is 
that aqueous solutions tend to have a high wettability on most cell materials, causing the 
formation of a thin liquid boundary layer on the cell surface, shielding the gas from the 
sidewalls. So only when this film is transparent, bubbles can be observed directly. It is 
probably the reason why an extensive search in the open literature did not yield any 
examples of experiments on gas injection in opaque liquids in Hele-Shaw cells. Observations 
on bubbles in opaque liquid metal require the use of radiography unless a transparent cell 
material can be found that is not wetted by the metal. Fortunately, liquid metals typically have 
a large surface tension and do not tend to wet surfaces, at least if no chemical bonding with 
the surface material occurs. Hence it should be possible to observe bubbles in opaque liquid 
metal directly through a Hele-Shaw cell if the latter can be constructed from a compatible 
transparent material able to withstand temperatures above the melting point of the metal. 
This has been partially confirmed by the work of Paneni and Davenport (1969), who indeed 
observed bubbles in liquid mercury through a transparent glass cell. Similar to a Hele-Shaw 
cell, their crucible also has a rectangular cross section, but the gap of 4.7 mm between the 
walls is too large to establish a Hele-Shaw flow profile. As a result, the bubbles only touch 
one side of the cell, leaving the other side covered with an inhomogeneous layer of mercury.  
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2 EXPERIMENTAL SETUP 
Considering the exploratory goal of the current work, difficulties related to the practical 
construction of a setup are avoided as much as possible. Firstly this is done by selecting a 
very simple system: buoyancy driven bubbles of inert nitrogen gas rising in liquid mercury. 
The low melting point of mercury (234 K) allows isothermal experiments at room temperature 
(297 K) without applying additional heating. Secondly, a Hele-Shaw of optically transparent 
soda-lime glass is used. The experiments of Paneni and Davenport (1969) show that this 
material is poorly wetted by mercury, so that the bubbles can be observed directly through 
the glass and recorded by an optical camera. Figure 2 shows the setup used in this work.  
 
Fig. 2: The setup, consisting of a Hele-Shaw cell aligned with a diffuse light source on the one side and a high-speed 
camera on the other side. This camera is mounted on a vertical rail and positioned by a hydraulic actuator. Gas is 
supplied in bursts through a needle at the bottom of the cell. The length of the burst is controlled by an 
electromagnetic valve. The opening of this valve is synchronized with the onset of the camera motion and recording. 
After recording, the captured frames are transferred from the camera to a computer for post processing. 
2.1 CELL CONSTRUCTION 
As shown in figure 1, the flow in a Hele-Shaw cell strongly depends on the distance between 
the walls. A smaller thickness t results in slower fluid velocities. In the limiting case of zero 
thickness, all flow is prohibited by wall friction. On the other hand, for larger thicknesses, 
drag forces will not be able to suppress the development of turbulence, resulting in a 
disturbance of the quasi-2D flow nature. Based on experiments in thin channels with varying 
thickness and different irregularities, Beavers et al. (1970) conclude that transitions to 
turbulent flow occur at Reynolds numbers            between 2200 and 3400, where u 
represents the fluid velocity and   the kinematic viscosity of the liquid. Hence, in the 
previously mentioned studies on bubbles in aqueous solutions (     = 9.0 x 10
-7 m²/s) with 
cell thickness ranging from 1.0 mm (Roig et al. 2012; Huisman et al. 2012; Bouche et al. 
2012) to 2.5 mm (Bush and Eames 1998; Bush 1997) and velocities remaining below 0.2 
m/s, the laminar character of the flow is preserved. However, with mercury as the working 
liquid, Reynolds numbers for similar cells will be larger due to the smaller viscosity     = 1.13 
x 10-7 m²/s. When assuming that buoyancy driven bubbles in mercury obtain similar velocities 
as in water, as has been observed by Paneni and Davenport (1969) in their earlier discussed 
work, this limits the cell thickness to about 1.2 mm in order to ensure laminar flow conditions. 
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Hence in this work a cell thickness of about 1 mm was selected, allowing for velocities of at 
least 0.25 m/s under laminar flow conditions. This should be sufficient as the observed 
velocities are indeed similar to those in water.  
As mentioned before, the soda-lime glass cell walls are poorly wetted by mercury. In 
combination with the high surface tension (   = 0.487 N/m), this results in a contact angle 
    of about 130° (Smithwick 1988). Before assembly, two 6 mm thick rectangular glass 
plates are cleaned for 20 minutes in piranha solution (3:1 mixture of 96% H2SO4 and 30% 
H2O2), removing organic surface active contaminants and rendering the surface hydrophilic. 
After rinsing, the heterogeneity of the surface was verified by a visual inspection of the 
spreading of de-ionized water films on the glass. Then the plates were clamped onto 
stainless steel spacers, resulting in a cell gap with an average thickness t of 1.049 mm (± 18 
µm). A U-shaped silicone seal placed in this gap creates a channel of 50.0 mm (± 0.5 mm) 
width. It is filled up to a height H of 460 mm above the bottom with liquid mercury (99.99% 
purity). Nitrogen gas of technical purity is injected through a vertical needle inserted at the 
bottom of the cell, with the tip at 10 mm from the cell bottom. The needle has an inner 
diameter of 0.5 mm and a sharp tip to facilitate the detachment of gas bubbles. The gas is 
injected in bursts from a supply at 1 bar gauge pressure. Burst durations are controlled by an 
electromagnetic micro-valve (type Burker 2282) steered by a calibrated pulse generator. 
Considering the small flow rate, long supply channel length and limited pressure difference 
over the valve, thermal equilibrium between gas and liquid can be assumed at the point of 
injection.  
2.2 IMAGING SYSTEM 
As illustrated in figure 2, one side of the cell is illuminated by indirect lighting through a 
diffusive screen. The presence of this screen ensures a soft, homogeneous light intensity 
over the entire cell. It also prevents the formation of temperature gradients over the cell due 
spatial variations in irradiated heat from the light source. In this configuration, high contrast 
observations of bright bubbles surrounded by dark opaque liquid metal can be made from the 
opposite side of the cell. These are recorded with a Tesin Cyclocam high speed camera 
mounted on a moving platform. Driven by a hydraulic actuator, this platform makes a 
translation motion in the vertical direction with about the same velocity as that of a rising 
bubble. Hence, by coordinating this motion with the gas injection, the entire path of the 
bubbles can be recorded, from the detachment at the needle to the breakup at the top 
surface. The bubble is thus observed in a Lagrangian reference frame attached to the 
camera. The corresponding velocity is determined from a pattern of equidistant markers (4 
mm spacing) fixed onto the cell.  
Figure 3 shows an example of a single frame as captured by the camera. These 8 bit 
grayscale frames are recorded with a 480 px by 640 px resolution using a shutter time of 2 
ms and a frame rate of 250 fps. Furthermore, by using an 18-108 mm variable lens and 
adjusting the optical zoom level, it is ensured that the short side of the image covers exactly 
the width of the cell, yielding a spatial resolution of 125 µm/px. These settings allow an 
accurate spatial reconstruction of the bubble interface and a detailed tracking of the bubble 
path over time, while limiting redundancy in the data stream (Versluis 2013). 
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Fig. 3: A typical frame as captured with the camera, before post processing. It shows a bright bubble surrounded by 
dark liquid metal. The marker pattern on the right is used to determine the position and velocity of the camera. 
2.3 POST PROCESSING 
The image frames are sequentially analyzed with a Matlab (V.2012a) based processing 
script. First the right section containing the ruler pattern is processed separately. By tracking 
the relative position change of the markers over consequent frames, the instantaneous 
camera position and velocity are interpolated as a function of time. Next, the position of the 
gas-liquid bubble interface is mapped based on the contrast distribution in the left part of the 
image. This interface is marked by a sharp spatial gradient in contrast between the bubble 
and the surrounding liquid. During processing, the gas-liquid interface is assumed to be 
halfway this span. With this information, the properties of the bubble are quantified. In 
particular the equivalent bubble diameter     √  ⁄  is calculated, with A being equal to the 
area of the region within the bubble interface. Further in the text, this quantity will be used as 
a measure for the bubble size. Afterwards the position and velocity of the bubble are 
determined by taking the center of gravity of A as reference point. Here it should be noticed 
that all descriptions in this paper refer to the absolute position of the bubbles, resulting from a 
superposition of the camera motion and the position change of the bubble inside the 
cam ra’s r f r nc  fram . Finally th  bubbl  contours can b  plott d ov r tim , as shown in 
figure 4 and figure 8.  
3 OBSERVATIONS 
A key variable in any mesoscopic description is the bubble size, considering that steady state 
hydrodynamics can be fully mapped as a function of this parameter, the system properties 
and, in case of confined flow, the channel geometry. Hence, to explore and assess the 
possibilities and limitations of the current setup, results from an initial study on the 
quantification and prediction of the bubble size are presented and discussed. 
3.1 FLOW REGIMES 
The range of bubble sizes that can be generated in a Hele-Shaw cell depends on the 
capillary properties of the system, counteracting the upward buoyancy force. This buoyancy 
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over capillarity ratio is expressed by the Eötvos number  o. Using a characteristic length 
scale    , this number is calculated as  o                ⁄ , wh r  Δρ equals the fluid 
density difference and g the gravitational acceleration (9.81 m/s²).  For very small bubbles 
(Eo << 1), capillary effects prevent a detachment from the orifice. By supplying additional 
burst of gas these bubbles can be grown around the injection point. When the Eötvos 
number approaches 1, at bubble sizes just under 4 mm in the current N2-Hg system, it is 
possible to force a detachment of the bubbles by vibrations. These bubbles will rise upward 
with a low and highly irr gular v locity, showing “slip and stick” b havior at random plac s. 
Only when buoyancy becomes dominant, for bubbles above 4 mm diameter, a spontaneous 
detachment and uninterrupted upward motion is observed. By varying the burst length of the 
gas supply, single bubbles with variable diameter up to 12 mm can be injected at once in the 
current setup. Injection of more gas results in the formation of bubble trains: multiple bubbles 
that detach consecutively from the needle. These bubble tend to coalesce on their way up 
due to the nature of the wake (Huisman et al. 2012), eventually forming single bubbles with 
even larger diameters. In the current setup, this allows the observation of bubbles up to 20 
mm diameter. Larger bubbles could not be created because longer bubble trains did not 
merge completely before reaching the surface.  Table 1 provides a summary.  
Table 1: Bubble sizes and corresponding behavior. This study is limited to the 1 < Eo < 10 range. 
Eo range d (mm) at 
injection 
Description 
<< 1 < 3 No detachment, holdup around orifice 
≤ 1 3 < 4 Forc d d tachm nt, irr gular ‘slip and stick’ motion 
1 < 10 4 < 12 Injection of single bubbles 
10 < 30 12 < 20 Injection of short bubble trains, coalescence 
>> 30 > 20 Continuous bubble trains 
 
Figure 4 shows a mapping of the bubbles in the Eo range between 1 and 10. The small 
bubbles in this range, with a diameter below 5.3 mm, exhibit a linear regime with a constant 
circular or elliptical shape and a straight path (figure 4-a,b) while bubbles with a diameter 
over 6.4 mm show a periodic regime with an oscillating, deformed shape along a swirling 
trajectory (figure 4-c,d,e,f). In between these regimes bubbles exhibit a mixed behavior, often 
showing a linear to periodic regime transition somewhere along the path (figure 4-g). The 
driving force causing this transition is the expansion of the bubble under decreasing 
hydrostatic pressure along the ascending path. 
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Fig. 4: Successive contour of individual bubbles plotted at a time interval of 0.04 s. The axes define the position of the 
bubble within the cell (m). The size of the bubbles corresponds to the equivalent diameter of the first plotted bubble. 
Different sizes are selected that give a good representation of the observed bubble properties.  Figures (a-f) show 
bubbles exhibiting a regular behavior between a position of 20 cm and 30 cm. Figure (g) shows a bubble of 5.7 mm 
changing from a linear regime to a periodic regime along its ascent.  
3.2 BUBBLE GROWTH 
The volume of an inert compressible gas bubble rising upwards in a column of liquid will 
increase due to a decreasing hydrostatic pressure Phyd along its trajectory. This hydrostatic 
pressure can be calculated as a function of the vertical position y in the cell: 
 
                (1) 
In other studies on buoyancy driven bubbles, the hydrostatic expansion between top and 
bottom is often disregarded, as the resulting effects are small (Santos et al. 2008). When 
using water as the bulk liquid in the current setup, the maximal pressure difference would be 
only 4.5 kPa. For mercury however, the relatively large density (13.546 kg/m³) causes a 
pressure difference of 59.8 kPa between the injection point and the surface of the bath, 
which is significant compared to the total pressure P in the bubble: 
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                              (2) 
where Patm represents a constant atmospheric pressure (101.3 kPa) and Pcap(d) equals the 
capillary pr ssur   x rt d by th  int rfac  as d scrib d by Laplac ’s law. Aft r averaging 
over the interface, it is calculated as  
             ⁄  (3) 
Notice that the capillary effect of the interface curvature over the cell gap in the perpendicular 
direction is not taken into account. The reason is that, when neglecting the effect of the 
composition difference between air and nitrogen on    , this effect is counteracted by the 
inverse curvature of the mercury-air interface at the top of the cell. Under the present 
experimental conditions, the properties of nitrogen are very well approximated by the ideal 
gas law (Span et al. 2000): 
 
       R   
(4) 
where V is the bubble volume, n the amount of gas in the bubble expressed in moles, T the 
temperature and R the universal gas constant. Care was taken to ensure isothermal 
conditions so that the right hand side of expression (4) is constant for a bubble that does not 
exchange mass with the surrounding liquid. Hence the expansion of an inert bubble along its 
trajectory can be extrapolated from a reference point at a vertical position      by combining 
(4) and (2): 
  
        
           
            
    
                       
        
(5) 
In this expression,     is the predicted volume according to the ideal gas law and  (    ) is 
the volume of a bubble with equivalent diameter     , observed at the reference point. 
Furthermore,     is an equivalent diameter that corresponds to the predicted volume and can 
be approximated as √        ⁄ . Yet, this relation should be used carefully. Although it is 
common practice for bubbles in Hele-Shaw flows to calculate the volume V as     , this 
relation is only valid for the hypothetical case of 2D flow, when the cell thickness approaches 
zero and the curvature of the interface over the cell gap can be ignored. However, in order to 
make a detailed comparison between the extrapolated bubble volume     and the actually 
observed bubble volume V, it seems recommended to account for the surface curvature 
when determining the bubble volume V from the bubble contour surface A or equivalent 
diameter d as observed by the camera. The capillary length of mercury, calculated as  
√    ⁄ , equals about 1.9 mm. Because this is larger than the distance between the cell 
walls, the interface will be curved over the entire gap (de Gennes et al. 2003). When 
assuming that this curvature is uniform, the interface can be described by a circle segment. 
The endpoints of this segment intercept the cell walls at an angle    equal to    , meaning 
that the interface is concave from a perspective inside the bubble. This is illustrated in figure 
5.  
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Fig. 5: Cross section of the gas-liquid interface perpendicular to the cell walls. 
It is clear that the hatched section contributes to the bubble volume although its projection, 
with thickness C, is not captured by the camera. Hence, based on this description of the 
interface, it is more accurate to approximate the bubble volume from the observed equivalent 
diameter d and perimeter p as 
          ⁄      (6) 
with S being the area of the hatched surface. This area can be calculated as the difference 
between the area covered by the rectangle t C and the area covered by the circle segment, 
yielding the expression below: 
 
  
  
 
(
      
       
)  
  
 
(
            
     
) 
(7) 
with    expressed in radians. By combining (6) and (7), it is possible to estimate the bubble 
volume accurately from the contours observed in the experiments. The results of this 
calculation are compared against the prediction of the volume expansion by equation (5), 
using (1), (3) and (4) to calculate the pressure components, for bubbles rising between a 
reference point taken at      = 15 cm and a maximal height      of 40 cm. Hence, the first 
and last parts of the path are omitted to exclude transient effects related to the injection or 
the approach of the upper free surface. In figure 6, the observed and predicted volumes for 
individual bubbles (depicted in figure 4) are compared.  
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Fig. 6: Measured size (full line) and predicted size (dashed line) as function of the vertical position for the bubbles shown in 
figure 4. 
 
 
Fig. 7: The deviation between the observed and predicted bubble growth over the path section between      = 15 cm 
and      = 40 cm, calculated as  (    
         
      )      
      ⁄   plotted versus the initial reference bubble diameter     . 
The filled markers correspond to the bubbles described in figure 6. 
Figure 7 gives an overview of the deviations for a larger set of bubbles. Two clusters of 
extreme values can be distinguished. On the one hand, for bubbles with an intermediate size 
of about 8 mm, significant positive deviations are observed. A representative case is 
depicted in figure 4 (e), with the corresponding volume evolution plotted in figure 6 for      = 
8.4 mm. The deviation between measured and predicted bubble volume increases in a 
gradual way, giving no direct indication on the underlying cause. On the other hand, for some 
small bubbles with initial diameters between 5 mm and 6 mm, a large negative deviation is 
observed. In this case, a closer look at the deviations reveals that these always coincide with 
a change in bubble regime. This is clearly illustrated in figure 8, showing a case in which two 
regime transitions occur. After injection, the bubble initially follows a periodic regime. At a 
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height of about 12 cm, a first transition to a linear regime can be observed, after which the 
path remains straight for about 10 cm. At this point a second transition occurs, back to a 
periodic regime. From the bubble volume evolution plotted in figure 8 (c), it is clear that the 
first regime transitions correlates with the onset of an increasing deviation from the predicted 
volume, while the opposite trend is observed during the second transition. 
 
Fig. 8: (a) Bubble of initial reference diameter of 5.5 mm showing a transition from a periodic to a linear regime after 
injection, followed by another transition back to the periodic regime. (b) Close up of the bubble in the three regimes, 
corresponding to the markers in a. (c) The evolution of the measured bubble volume and predicted volume using      = 
5 cm and      = 22 cm, with a close up of the transition region.  
4 DISCUSSION 
When considering the deviations plotted in figure 7, 80 % of their absolute values is below 10 
% and the median value equals 4.3%. This points at a relatively close correspondence 
between the predicted and observed bubble growth, indicating that all major effects driving 
the growth of the bubbles are captured by equation (5), using equations (6) and (7) to 
determine the bubble volume from the recordings. Nevertheless, the larger deviations 
observed for smaller and intermediate sized bubbles require more explanation. Two 
scenarios are possible: either the description provided by equation (5) is incomplete, or 
experimental errors result in an incorrect determination of the observed bubble volume or 
position. Both scenarios were investigated in order to assess the accuracy of the setup and 
to understand the behavior of the bubbles. 
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4.1 EXPERIMENTAL ERRORS 
An inaccurate determination of the position of bubbles could be considered as a first source 
of errors. As mentioned in the setup description, the vertical position of the camera is 
measured from a ruler pattern on the cell. Because of the way this information is processed, 
the uncertainty on the position of the camera never exceeds the 4 mm interval between 
consequent markers. Compared to this, the uncertainty on the position of the bubble relative 
to the camera can be neglected considering the resolution of 125 µm/px. Furthermore, 
according to equation (1), a variation of 4 mm in the vertical position corresponds to a 
hydrostatic pressure difference of ca. 500 Pa, which is negligible with respect to the total 
pressure. Hence the errors originating from the position determination cannot explain the 
deviations in bubble volume.  
Secondly, errors could be induced during the determination of the bubble geometry. These 
errors can be considered by looking at the parameters in equation (6). A first parameter is 
the cell thickness t, for which the standard deviation was measured directly to be 18 µm. An 
exact quantification of the spatial error on the position of the bubble contours is less 
straightforward. However, as can be seen in figure 3, the gas-liquid interface is marked by a 
sharp spatial gradient in contrast. This indicates that the temporal resolution of the camera, 
with a shutter time of 2 ms, is sufficient to capture the bubble motion without blurring the 
images and hence not limiting the spatial resolution. More specifically, the contour gradient 
spans maximally 3 pixels on the frames recorded by the camera. During processing, the 
interface is assumed to be halfway this span. Considering the resolution of the camera, for a 
small circular bubble the standard deviation on the diameter d will thus not exceed 1.5 px or 
188 µm and the error on the corresponding perimeter p will be below 589 µm. Assuming a 
constant contact angle and no correlation between the observed bubble diameter and the 
cell thickness, the propagation of these errors on t, d and p in the calculation of the bubble 
volume can be calculated. For a bubble with equivalent diameter of 4 mm, this results in a 
standard deviation of 9.48 x 10-10 m³ on a bubble volume of 1.40 x 10-8 m³, or a relative error 
of 6.8%. For larger bubbles the error will be smaller because of the larger volume to interface 
ratio. Hence this error can partially account for the deviations plotted in figure 7.  
Thirdly, an inaccurate description of the shape of the gas-liquid interface over the cell gap 
can induce errors on the bubble volume through the parameter S in equation (6). As shown 
by equation (7), this parameter is directly related to the contact angle    . Because of the 
bubble motion, this angle will vary along the nitrogen-mercury-glass triple lines (de Gennes 
et al. 2003). In the past, experimental efforts have been undertaken to measure the dynamic 
contact angles for the particular case of mercury droplets on glass, used in porosimetry 
(Salmas and Androutsopoulos 2001).  For flow in submicron pores, receding contact angles 
are found to be about 104° while advancing angles are equal to 140°. It is however not clear 
to what extent these values can be extrapolated to the current, macroscopic system. In 
addition, the authors are not aware of a model that can accurately predict the variation of the 
angle from the position on the contact line. Hence a constant contact angle of 130° is 
assumed here, equal to the static contact angle. This seems reasonable because the triple 
lines on both walls form close loops on which the positive difference for the advancing part of 
the line will partly cancel out the effect of the smaller angle at the receding part. 
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Nevertheless, the assumption will introduce an error when determining the volume of a 
bubble according to equations (6) and (7). To estimate this effect, the relative change in 
bubble volume upon selecting a different contact angle is plotted in figure 9. This shows that 
in the case of perfect dewetting, when     would be 180°, even for the smallest bubbles the 
deviation is still limited to 5%. In the other extreme case of     = 90°, with S being zero 
according to equation (7), the bubble volume for a 4 mm diameter bubble would be 6% 
smaller compared to the    = 130° case. Notice that for angles below 90°, corresponding to 
the highly unlikely case in which mercury would wet the glass, the deviation would also be 
between these two extremes. The reason is that the curvature of the interface depicted in 
figure 5 would change from convex to concave and the expression for S should be adapted 
accordingly. 
 
Fig. 9: A plot of the bubble volume for different diameters d and contact angles    , compared to the case in which     
equals 130°. 
To summarize it can be stated that the experimental uncertainty on the results is caused 
mainly by two factors. Firstly there is the limited spatial resolution of the observations, 
caused by both limitations on the camera and the construction of the setup. From this point 
of view, the quality of the experiments could be increased by using a camera with better 
specifications and a cell with lower dimensional tolerances. Secondly there is the limited 
knowledge on the exact shape of the gas-liquid interface. A first requirement to overcome 
this limitation would be the development of a detailed macroscopic description of the contact 
line dynamics near the cell walls. This is however outside the scope of this work. The two 
factors make about an equal contribution, both decreasing with increasing bubble size. 
Together these probably account for the majority of deviations shown in figure 7. However, 
the large negative deviations for smaller bubbles, up to 25%, cannot be explained in this 
way, suggesting that the description provided by equation (5) is incomplete. 
4.2 VOLUME EFFECT OF REGIME TRANSITIONS 
As mentioned before, the deviations observed for smaller bubbles seem to be correlated with 
regime transitions. An example is given in figure 8. This is a special case because it shows 
two consecutive regime transitions whereas only the second linear to periodic transition 
would be expected for a small bubble starting to deform and oscillate with increasing size 
(Clift et al. 1978). In this case the first periodic to linear transition is probably caused by 
transient effects related to the injection of the bubble. It seems plausible that kinetic energy 
supplied to the system during the injection of a burst of gas could temporarily support the 
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initial periodic behavior of the flow. This would explain a transition towards the more stable, 
linear regime after dissipation of this excess energy. The bubble then continues along a 
straight path until its increasing size justifies the second transition, back to the periodic 
regime. Figure 8 (c) shows that the observed bubble size during this linear regime seems to 
be relatively larger compared to the periodic regime. This suggests that a more accurate 
prediction of the bubble size evolution should also account for the effect of changing flow 
dynamics between the different flow regimes. Hence, equation (5) can only be used to 
predict the bubble size evolution when the regime at the reference point      is similar to that 
at     . This explains the large negative deviations in figure 7 for small bubbles with an  
initial diameter between 5 mm and 6 mm, near the expected transition size. When a linear to 
periodic transition occurs between      and     , it is likely that the bubble volume is 
overestimated, as demonstrated in figure 8 (c), where predictions based on both      = 5 cm 
and      = 22 cm are plotted. In the first case, with      and      both situated in a periodic 
regime, the resulting error at       is near zero while in the second case, with      in the 
linear regime, the error is significantly larger.  
Because the volume effect is significant with respect to the experimental accuracy, and 
because it is flow dependent, it can only be explained by a variation of flow induced dynamic 
pressure inside the bubble. Hence, in order to predict the expansion of a bubble accurately, a 
dynamic pressure term      should be added in addition to the static pressure components 
already included in equation (2):  
                                       (8) 
Furthermore, in figure 8 it can be seen that, despite the fact that the initial periodic behavior 
at      = 5 cm is unstable, it provides a good reference to predict the bubble size at      = 
40 in a similar periodic regime. This means that the volume effect of a periodic to linear 
transition is exactly opposing the effect of the inverse, linear to periodic transition, suggesting 
that      is mainly regime dependent. From a comparison between the measured and 
predicted volumes, it can be concluded that      will be smaller for the linear bubble regime 
compared to the periodic regime. This seems logical, considering that flow induced dynamic 
pressure components in low Reynolds number systems can only originate from the same 
effects that cause the swirling of the bubble and that are hence more important in periodic 
regimes.  
Due to their expansion, small bubbles with an initial size below 6 mm typically change from a 
linear regime to a periodic regime somewhere along their path. Hence, if this transition 
happens between a reference position at      = 15 cm and a position at      = 30 cm, 
     will increase stepwise and partly compensate the hydrostatic pressure decrease, 
resulting in a smaller than expected bubble growth. This explains the significant deviations 
for small bubbles in figure 7. Finally it can be mentioned that an extrapolation of this scenario 
could also explain the larger positive deviations for bubble sizes around 8 mm. When 
comparing the 8.7 mm bubble with the 7.0 mm bubble in figure 4, it is clear that the 
amplitude of the swirling motion is smaller for the larger bubble, despite the fact that both 
contain some periodicity in their shape. So irrespective of whether the regime for these 
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bubbles is different, it can be stated that the motion of the larger bubble resembles more to 
that of a bubble in the linear regime. Hence, if the dynamic pressure difference changes 
accordingly during the rise of an intermediate bubble, a faster than predicted growth can be 
expected in this range of bubble diameters. This could lead to the positive deviations in figure 
7. In addition, a comparison of the path for bubbles near this size shows that the swirling 
motion reduces gradually with increasing size. This could explain why the deviation for 
intermediate bubbles increase gradually, as observed in figure 6, while the deviations for 
smaller bubbles develop rather stepwise, together with the regime transition.  
5 CONCLUSION 
In this article, the use of a Hele-Shaw cell is proposed to observe gas bubbles in liquid metal 
at a mesoscopic scale with a high resolution. The flow in such a cell can be fully mapped by 
two dimensional observations, avoiding the need for tomography. Under the right 
circumstances, a direct visualization of the bubbles through transparent cell walls is possible, 
although the geometry of the setup facilitates the application of all types of hard field 
tomography.  A case study on buoyancy driven nitrogen bubbles in liquid mercury in a 
transparent cell demonstrates the viability of the proposed technique. By using a high speed 
camera that travels upward with the rising bubbles, clear and sharp close up recordings 
along their entire path could be made. This would not be possible if a fixed camera had been 
used. The resolution of the resulting images far exceeds results reported elsewhere in 
literature and obtained with alternative techniques. This revealed the existence of two flow 
regimes within the range of bubble diameters between 4 mm and 12 mm: smaller bubbles 
exhibit a linear regime with an elliptical shape and a straight path, while larger bubbles move 
along a swirling path and show a periodically distorted shape.  
Furthermore, it is demonstrated how the observations are translated into quantitative 
descriptions of the bubble properties, including a detailed assessment of the resulting 
experimental errors. As a practical example of the applicability of these descriptions, the 
evolution of the bubble volume along the path is analyzed. It is demonstrated how the 
hydrostatic pressure gradient over the cell height causes a significant expansion of the 
bubbles.  This phenomenon is of particular importance for the case of liquid metals with a 
typically high density, and is therefore difficult to demonstrate with more commonly studied 
aqueous systems. In addition it is shown that the volume effect of a changing dynamic 
pressure is also significant and largely regime dependent. It can also be mentioned that the 
authors plan to provide a more detailed description of the bubble properties, together with a 
more elaborate discussion on the underlying flow physics, in a subsequent publication.  
It is however clear that, due to the two-dimensional nature of the flow, extrapolations to more 
practically relevant conditions are not straightforward. From this point of view, a Hele-Shaw 
based approach is complimentary to experimental techniques that allow three dimensional 
observations. Nevertheless, the authors believe that the suggested technique offers a fast 
and simple way to gather additional data on the mesoscopic interactions between 
microscopic and macroscopic phenomena. Hence it can be considered as a first, easily 
accessible step towards a full experimental study of the gas liquid interactions in various 
metallurgical systems.  
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